
  Chemical
  Science
rsc.li/chemical-science

ISSN 2041-6539

Volume 11
Number 19
21 May 2020
Pages 4831–5116

EDGE ARTICLE
Cyril Poriel, Zuo-Quan Jiang et al.
Evolution of pure hydrocarbon hosts: simpler structure, 
higher performance and universal application in RGB 
phosphorescent organic light-emitting diodes



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 1
:1

6:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Evolution of pure
aInstitute of Functional Nano & So Materia

Carbon-Based Functional Materials & Devi

215123, China. E-mail: zqjiang@suda.edu.c
bUniv. Rennes, CNRS, ISCR-UMR 6226, F-350

univ-rennes1.fr

† Electronic supplementary information
methods, synthesis procedure, X-ray d
photophysical properties, CV curves, t
modelling, charge mobility calculations,
performance data of the OLED device and
CCDC 1495849, 1987304 and 1987305. Fo
or other electronic format see DOI: 10.103

‡ Present address: Institut für Physik and
zu Berlin, Brook-Taylor-Str. 6, 12489 Berli

Cite this: Chem. Sci., 2020, 11, 4887

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 1st March 2020
Accepted 23rd April 2020

DOI: 10.1039/d0sc01238f

rsc.li/chemical-science

This journal is © The Royal Society o
hydrocarbon hosts: simpler
structure, higher performance and universal
application in RGB phosphorescent organic light-
emitting diodes†

Qiang Wang, ‡a Fabien Lucas, b Cassandre Quinton,b Yang-Kun Qu,a Joëlle Rault-
Berthelot, b Olivier Jeannin,b Sheng-Yi Yang,a Fan-Cheng Kong,a Sarvendra Kumar,a

Liang-Sheng Liao, a Cyril Poriel *b and Zuo-Quan Jiang *a

In the field of phosphorescent organic light-emitting diodes (PhOLEDs), designing high-efficiency universal

host materials for red, green and blue (RGB) phosphors has been quite a challenge. To date, most of the

high-efficiency universal hosts reported incorporate heteroatoms, which have a crucial role in the device

performance. However, the introduction of different kinds of heterocycles increases the design

complexity and cost of the target material and also creates potential instability in the device

performance. In this work, we show that pure aromatic hydrocarbon hosts designed with the 9,90-
spirobifluorene scaffold are high-efficiency and versatile hosts for PhOLEDs. With external quantum

efficiencies of 27.3%, 26.0% and 27.1% for RGB PhOLEDs respectively, this work not only reports the first

examples of high-efficiency pure hydrocarbon materials used as hosts in RGB PhOLEDs but also the

highest performance reported to date for a universal host (including heteroatom-based hosts). This work

shows that the PHC design strategy is promising for the future development of the OLED industry as

a high-performance and low-cost option.
Introduction

Currently, the host–guest system is mostly used to construct an
emitting-layer (EML) in an electroluminescent device for high
efficiency. In a phosphorescent OLED (PhOLED), the EML
commonly contains a transition metal complex triplet emitter
dispersed in an organic host matrix. The 100% internal
quantum efficiency is fullled through harvesting both the
singlet (25%) and triplet (75%) excitons.1 During the past two
decades, intense research has been focused on developing high-
efficiency hosts. The most popular ones are the bipolar hosts
constructed by the incorporation of suitable electron-rich (such
ls (FUNSOM), Jiangsu Key Laboratory for

ces, Soochow University, Suzhou, Jiangsu

n

00 Rennes, France. E-mail: Cyril.poriel@

(ESI) available: General experimental
ata, TGA and DSC analysis results,
ransient PL decay curves, molecular
energy level alignment and additional
1H and 13C NMR spectra of the hosts.
r ESI and crystallographic data in CIF
9/d0sc01238f

IRIS Adlershof, Humboldt-Universität
n, Germany.

f Chemistry 2020
as carbazole,2–5 N-phenylacridine,6 diphenylamine7 and triphe-
nylamine7–9) and electron-poor (such as pyridine,10 oxadiazole,11

dioxothioxanthene,12,13 and imidazole14–16) heterocycles. The
best among them achieved over 25% external quantum effi-
ciency (EQE) in PhOLEDs,5,9,10,13,14 while some of them exhibited
moderately low performance.2,4,6–8,15,16 Their complicated struc-
ture, however, increases synthetic complexity and production
cost. In addition, it is also recognized that OLED instability,
which is one of the main problems to be addressed at the
current stage of development, is partially caused by the fragile
C–N, C–P and C–S bonds of such heteroatom based hosts.17–19

The chemical stabilities of various useful molecular fragments
(such as aryl sulfone and aryl phosphine oxide) in their rst
triplet states (ET) have thus been recently investigated.20

Another approach to design host materials without any
heterocycles, the so-called pure hydrocarbons (PHCs), was
proposed in 2005, but it has attracted little attention because of
the poor device performance.21 For instance, the rst PHC host
was a 9,90-spirobiuorene (SBF) trimer linked via the para site
which achieved 10% EQE in red PhOLEDs.21 The SBF unit was
then extended to a dihydroindenouorene skeleton and used as
a host for green phosphors in a PhOLED, displaying neverthe-
less a low EQE of 14%.22 These studies have paved the way for
the further design of PHC host materials and other examples
were be reported aerwards.23–25 The performance of PHC based
Chem. Sci., 2020, 11, 4887–4894 | 4887
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Fig. 1 Synthesis of the PHC host materials (Top) and the dihedral angle variation when adding a benzene ring (Bottom).
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PhOLEDs, however, has remained low until 2015 when we
proposed that the meta-linkage was critical for constructing the
new generation of PHC hosts.26 In 2019, a series of dimers
derived from the C3 or C1 site of SBF achieved a high EQE up to
23% in blue PhOLEDs.27 Even so, this encouraging progress is
still incomparable with the best heteroatom hosts for blue,
green, and red PhOLEDs.

In this work, we report a series of novel PHC materials,
featuring further simplied structures from SBF dimers 27 to
mono SBF derivatives (Fig. 1). These molecules are constructed
on a SBF scaffold substituted at C3/C6 positions thanks to an
efficient one-step synthesis. These positions form a meta linkage
with the constituted bridged biphenyl (i.e. uorene), leading in
principle to an electronic decoupling between the two frag-
ments.27,28 Given that the substituent itself also has a crucial role
in the device performance, two different side groups were
investigated, phenyl and meta-terphenyl. As shown in Fig. 1,
mSPh and mSPh2 possess one or two simple phenyl rings
respectively, and mSTPh and mSTPh2 incorporate one or two
bulkier meta-terphenyl fragments, respectively. The mono-
substituted non-symmetric host, mSTPh, achieves a high rst
singlet–triplet state energy (ES/ET) of 3.60/2.82 eV and exhibits
over 26% EQE in Red (R), Green (G) and Blue (B) PhOLEDs. Aer
comprehensively comparing with previously reported universal
hosts tted for RGB emitting devices, this PHC host displays the
highest overall performance reported to date (including
heteroatom-based hosts, Table S16†). This work shows that the
PHC design strategy is promising for the future development of
the OLED industry as a high-performance and low-cost option.
Results and discussion
Synthesis and characterization

The chemical structures of the materials are shown in Fig. 1. For
further industrial application, the synthetic approach of the
4888 | Chem. Sci., 2020, 11, 4887–4894
host materials is of great importance. This approach should be
short, high yielding and low cost. The present hosts have been
easily synthesized at the gram scale through a one-step
approach from commercial precursors 3-Br-SBF and 3,6-Br2-
SBF (Fig. 1 and ESI†). The pendant substituents, phenyl or ter-
phenyl, are efficiently attached to the SBF backbone via classical
Pd-catalysed coupling (Fig. 1, Top) with yields over 90%.

The most important parameter in the understanding of the
electronic properties of these molecules is the dihedral angle
between the substituent and the uorene.28 This angle drives, in
part, the electronic coupling between the two fragments and
hence the electrochemical and photophysical properties (see
below). The different ways of extending the SBF core with
benzene rings (on the substituent side group or directly on the
uorene core) have different structural impacts as shown in the
crystal structures (Fig. 1, Bottom): (i) a slight increase in the
dihedral angle going from mono to disubstituted compounds
(ca. 34 vs. 39�) and (ii) no inuence of the substituent itself
(phenyl vs. terphenyl). These features show that there is no
steric hindrance between the uorene and the substituent and
that the electronic properties (discussed below) are not driven
by steric parameters, which is a drastically different behavior
from that observed for the SBF dimers, recently reported.27

As shown in Fig. 2a, all the hosts displayed similar UV-vis
absorption proles, with thin and high intensity bands at
310–311 nm in dilute toluene solutions (10�5 M) as commonly
observed in SBF based compounds.28,29 In addition to this band,
the four compounds display a red-shied band at either 317 nm
(low molar absorption coefficient, 3, and low oscillator strength,
see natural transition orbitals calculations in the ESI†) for the
two monosubstituted SBFs,mSPh andmSTPh, or at 324/325 nm
(high 3 and high oscillator strength, ESI†) for the two disub-
stituted ones, mSPh2 and mSTPh2. This reveals an electronic
coupling between the uorene backbone and one or two
phenyl/terphenyl substituents, which is indicated in the density
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) UV-vis absorption spectra, (b) emission spectra at 298 K and (c) emission spectra at 77 K spectra in toluene ofmSPh,mSPh2,mSTPh and
mSTPh2. (d) triplet spin density distribution (TD-DFT, b3lyp/6-311+g(d,p), isovalue 0.004) of the molecules.
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of the pendant phenyl units in hole and electron states
(Fig. S12–15, ESI†). This extension of the p-conjugation, despite
themeta positions being involved, has been previously observed
for other meta linked SBF based materials26,28 and has been
assigned to the presence of the spiro bridge at the para position
of the substituent. It should be nevertheless mentioned that the
exact origin of this feature has not been fully understood yet.
Based on the onset of the absorption spectra, the optical band
Table 1 Electronic and physical properties of mSPh, mSPh2, mSTPh and

mSPh mSPh2

lAbs (3)
a [nm] (104 L mol�1 cm�1) 310 (1.32) 311 (2.61)

317 (0.63) 325 (1.56)
lEM

a [nm] 335/348 339/352
ES1

b [eV] 3.70 3.66
ET1 [eV] (nm) Opt.c 2.82 (440) 2.79 (444)

Calc.d 2.64 2.61
Eg [eV] Opt.e 3.76 3.70

Elec.f 4.17 3.95
LUMO [eV] Elec.g �1.77 (�2.63) �1.94 (�2.46)

Calc.d �1.31 �1.37
HOMO [eV] Elec.g �5.94 (1.54) �5.89 (1.49)

Calc.d �5.93 �5.89
Thermal [�C] Tg 90 126

Td 262 287
Mobility [cm2 V�1 s�1] mh (10�8)h 3.12 2.25

me (10
�8)i 0.15 0.49

a In toluene, where lAbs is the absorption peak and lEM is the photolumi
emission at rt. c Calculated from the rst phosphorescence peak (betw
(b3lyp/6-311+g(d,p)). e Calculated from the onset of the absorption spect
(CH2Cl2 in oxidation and DMF in reduction, Eonset is provided between
cyclohexane. k From ref. 23.

This journal is © The Royal Society of Chemistry 2020
gaps (Eg) of mSPh, mSPh2, mSTPh and mSTPh2 were estimated
to be 3.76, 3.70, 3.78 and 3.69 eV, respectively. It is shown that
the four spectra remain in the near UV region, which is an
important point for their use as hosts in PhOLEDs. The phos-
phorescence emission spectra, recorded at 77 K in toluene
(Fig. 2c), provide the corresponding ET1 ofmSPh,mSPh2,mSTPh
and mSTPh2, estimated to be 2.82, 2.79, 2.82 and 2.79 eV,
respectively (Table 1). The high ET1 of the four compounds
mSTPh2 and reference compounds SBF and mTPh

mSTPh mSTPh2 SBF24,28 mTPh

310 (0.79) 310 (0.94) 297 (0.72) 246j,k

317 (0.41) 324 (0.59) 308 (1.45)
344/356 345/358 310/323 326/340
3.60 3.59 4.00 3.80
2.82 (440) 2.79 (444) 2.86 (433) 2.89 (429)
2.64 2.61 — —
3.78 3.69 3.97 4.43j,k

3.95 3.91 4.21 4.14k

�2.01 (�2.39) �2.08 (�2.32) �1.74 (�2.66) �1.90 (�2.50)
�1.37 �1.44 — —
�5.96 (1.56) �5.99 (1.59) �5.95 (1.55) �6.04 (1.64)
�5.94 �5.90 — —
133 176 — —
318 407 234 151
2.64 3.08 — —
3.55 8.59 — —

nescence peak at room temperature. b Calculated from the rst peak of
een brackets in nm) at 77 K in toluene. d From TD-DFT calculations
ra. f Calculated from the HOMO (CH2Cl2) � LUMO (DMF). g From CVs
brackets (V/SCE)). h Hole mobility (mh).

i Electron mobility (me).
j In

Chem. Sci., 2020, 11, 4887–4894 | 4889
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results from the efficient connement of triplet excitons on one
uorene (Fig. 2d; ET1 of SBF is measured to be 2.86 eV in
toluene, Fig. S2, ESI†). These data clearly show that the nature
of the substituent (phenyl vs. terphenyl) does not inuence ET1
whereas the substitution pattern (mono vs. di) has a slight
inuence. However, as the nature and number of substituents
have a non-negligible inuence on the other properties (thermal
and mobility of charge carriers, see below), this design strategy
allows to maintain a high ET1, modifying, in the meantime,
other properties. It should be noted that the ET1 trend is
perfectly followed using theoretical calculations which provide
values of 2.64 eV for the two monosubstituted compounds and
2.61 eV for the two disubstituted compounds, with an identical
difference of 0.03 eV between theory and experiment (Table 1).

Thus, in the above events, it is interesting to observe that the
Eg and ET1 were more dependent on the SBF substitution
pattern than on the nature of substituents, with the peripheral
phenyl rings of both mSTPh and mSTPh2 having little inuence
on these parameters. However, these peripheral rings inuence
the vibrational relaxation of molecules in their excited states as
can be seen in the uorescence spectra. As a result, the emission
bands in toluene are red-shied compared to those of SBF with
themain peaks at 335/348, 339/352, 344/356 and 345/358 nm for
mSPh, mSPh2, mSTPh and mSTPh2 respectively (Fig. 2b), while
the most red-shied being the two terphenyl substituted
compounds.

The electrochemical properties were analyzed by cyclic vol-
tammetry (CV) in CH2Cl2 (oxidation) and DMF (reduction) and
Fig. 3 The cyclic voltammetry (CV) data of (a) mSPh and mSPh2 compar
mTPh and SBF (in reduction: DMF/[NBu4][PF6] 0.1 M; in oxidation: CH2

electrode). (c) Frontier molecular orbitals (Top: LUMO, Bottom: HOMO,

4890 | Chem. Sci., 2020, 11, 4887–4894
compared with those of constituent units: SBF and m-terphenyl
mTPh (Fig. 3a and b and ESI†). As shown in Fig. 3a-Right, mSPh
is oxidized at a similar potential to that of its constituent
building block SBF (Eoxonset ¼ 1.54 and 1.55 V/SCE respectively)
whereas mSPh2 is oxidized at a slightly lower potential (Eoxonset ¼
1.49 V). As listed in Table 1, the highest occupied molecular
orbital (HOMO) levels calculated from the onset oxidation
potentials are lying at ca.�5.94 eV formSPh and at�5.89 eV for
mSPh2 (compared to �5.95 eV for SBF). This suggests that the
HOMO levels almost remain unaffected by the mono-
substitution at C3 but affected by the disubstitution at C3/C6.
Despite being weak (the contribution of the phenyl rings is
indeed limited in the HOMO, Fig. 3c), the electronic coupling
between the uorene and the substituents at meta positions
observed in the UV-vis absorption spectra is conrmed. On
reduction, mSPh and mSPh2 display two successive reduction
waves (Fig. 3a-Le) providing a lowest unoccupied molecular
orbital (LUMO) level lying at �1.77 eV for mSPh and �1.94 eV
for mSPh2 (compared to �1.74 eV for SBF). Thus, due to the
double substitution, the LUMO of mSPh2 becomes deeper than
that ofmSPh in accordance with the trend detailed above for the
HOMO. However, one can note that the LUMO energy level of
mSPh2 is more affected by the double substitution than its
HOMO energy level in accordance with the more pronounced
contribution of the phenyl ring in the LUMO than in the HOMO
(Fig. 3c). The resulting electrochemical Eg (HOMO (CH2Cl2) �
LUMO (DMF)), therefore, appears more contracted for mSPh2

(3.95 eV) than for mSPh (4.17 eV) and for SBF (4.21 eV).
ed to those of SBF, and (b) mSTPh and mSTPh2 compared to those of
Cl2/[Bu4NPF6] 0.2 M, sweep rate of 100 mV�1, platinum disk working
b3lyp/6-311+g(d,p), isovalue of 0.04).

This journal is © The Royal Society of Chemistry 2020
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The terphenyl derivatives mSTPh and mSTPh2 display a very
different behaviour. Indeed, the oxidation ofmSTPh andmSTPh2
surprisingly appears to be more difficult than that of SBF
(Eoxonset ¼ 1.56, 1.59 and 1.55 V/SCE, respectively) clearly indi-
cating an electron-withdrawing effect of the m-terphenyl
substituent(s) on the SBF core in both mSTPh and mSTPh2
(Fig. 3c). Thus, the electron-withdrawing effect of the m-ter-
phenyl substituent(s) is predominant compared to the extension
of the p-conjugation and the resulting HOMO energies decrease
therefore as follows: �5.95, �5.96, �5.99, and �6.04 eV for SBF,
mSTPh, mSTPh2, and mTPh, respectively. In DMF, the two
compounds are reduced in two successive reduction waves
(Fig. 3b-Le), with the rst maxima at �2.51 and �2.60 V for
mSTPh and mSTPh2 respectively, showing an easier reduction
process than mTPh (�2.63 V) and SBF (�2.79 V). This is in
accordance with the electron-withdrawing effect of the terphenyl
branch units. The LUMO levels are therefore estimated at �2.01
and �2.08 eV for mSTPh and mSTPh2 respectively, lower than
those of mTPh (�1.90 eV) and SBF (�1.74 eV). This can be
correlated with the electronic distribution observed in the LUMO
of mSTPh and mSTPh2. Indeed, for both compounds, there is
a strong implication of the terphenyl units in the LUMO, which
is a different behaviour compared to that observed for the
HOMO, almost entirely spreads out on the SBF core. This
concludes that simple phenyl and terphenyl units have different
inuences on the HOMO/LUMO energy levels of these investi-
gated compounds, but both maintain a high ET1, a key feature
for the present application. From these studies, one can observe
that the electrochemical Eg is more contracted for mSTPh2 (3.91
eV) than for mSTPh (3.95 eV). As the electron-withdrawing effect
is the predominant parameter in this series, the difference
between their Eg values (0.04 eV) is signicantly marginal
compared to that observed above formSPh2 andmSPh (0.22 eV),
mainly driven by the p-conjugation extension.

One of the advantages of such PHCs constructed on a spiro
skeleton is their morphological stability, which is a crucial
point in device stability. Herein, the four compounds present
Table 2 Summary of the device performance of the PhOLEDs

Device Von/100/1000
a [V] EQEmax/100/1000

b [%] CEmax/

Blue B1 (mSPh) 3.0/3.8/4.8 22.6/22.3/21.9 51.6/50
B2 (mSPh2) 3.2/4.2/5.3 19.6/19.5/18.0 45.0/44
B3 (mSTPh) 2.9/3.6/4.6 27.1/27.0/25.2 60.5/60
B4 (mSTPh2) 3.1/3.9/4.9 20.4/20.3/18.4 50.0/49

Green G1 (mSPh) 3.0/3.4/4.1 22.7/22.5/21.7 85.0/84
G2 (mSPh2) 3.2/3.7/4.5 20.8/20.0/20.7 78.0/75
G3 (mSTPh) 2.9/3.1/3.8 26.0/25.9/24.8 96.0/95
G4 (mSTPh2) 3.0/3.4/4.1 21.7/21.6/21.6 81.1/80

Red R1 (mSPh) 3.1/4.3/5.8 25.1/24.1/19.1 36.7/35
R2 (mSPh2) 3.5/4.9/6.9 23.4/21.7/16.4 34.0/31
R3 (mSTPh) 3.0/3.9/5.1 27.3/25.3/21.3 40.0/37
R4 (mSTPh2) 3.4/4.8/6.6 24.1/22.4/17.1 35.0/32

a The driving voltages at 1, 100, and 1000 cd m�2, respectively. b The EQE, c
100 and 1000 cd m�2. c Recorded at a current density of 10 mA cm�2.

This journal is © The Royal Society of Chemistry 2020
an excellent thermal stability, determined from thermogra-
vimetric analysis (TGA), as they showed high decomposition
temperatures at 5% mass loss (Td) ranging from 262 to 407 �C
(Fig. S1, ESI†). In addition, the four compounds also display
high glass transition temperatures Tg ( between 90 and 176 �C,
Table 1) measured by differential scanning calorimetry (DSC).
One can note that the bulky terphenyl unit induces better
thermal properties than the simple phenyl ring, which can be
assigned to the increased van der Waals forces in the packing
diagram.

Thus, the thermal and morphological characteristics of the
four hosts are much improved compared to their constituting
building block SBF which presents a lower Td (234 �C) and
crystallization transition temperature (135 �C).24 Thus, these
hosts maintain the excellent electronic properties of SBF (such
as its high ET1 and wide Eg) while enhancing others (such as Tg/
Td). This is one of the strengths of the present design.
Electroluminescent (EL) properties

Before incorporation into PhOLEDs, the determination of
charge carriers is a mandatory step. Charge-only devices were
adopted to evaluate the charge mobility of the compounds. As
shown in Fig. S16 (ESI),† the J–V curves were tted in the space-
charge-limited current (SCLC) region, as the zero-eld mobility
of the compounds was calculated and is summarized in Table 1.
Despite low mobility values obtained in accordance with the 3D
structure of the investigated materials, the balance between
hole and electron mobilities was relatively good for all the
compounds. Remarkably, mSTPh even displays an excellent
charge balance, 2.64 � 10�8 (hole) and 3.55 � 10�8 (electron)
cm2 V�1 s�1. This ambipolarity6 is important in the further
PhOLED performance to ensure an efficient recombination of
holes and electrons and is surely the reason behind the excel-
lent efficiency reported below.

Finally, PhOLEDs using these PHC as host materials were
fabricated and the device performance was evaluated.
Efficiencies

lmax
c [nm] CIE (x, y)c100/1000

b [cd A�1] PEmax/100/1000
b [lm W�1]

.9/50.1 49.4/40.8/33.1 472 (0.18, 0.39)

.9/41.3 38.1/33.6/24.3 472 (0.18, 0.39)

.4/56.2 63.5/52.3/38.3 472 (0.18, 0.38)

.8/45.0 44.8/38.3/27.5 472 (0.19, 0.39)

.3/81.4 83.6/77.4/62.8 524 (0.31, 0.65)

.0/77.5 65.2/63.2/54.0 524 (0.32, 0.65)

.8/91.4 101.2/95.6/74.8 524 (0.32, 0.63)

.6/80.9 74.7/72.5/61.5 524 (0.31, 0.65)

.2/27.9 32.6/25.0/14.8 612 (0.63, 0.37)

.6/23.9 26.0/20.4/10.8 612 (0.63, 0.37)

.0/31.2 40.0/30.0/19.4 612 (0.63, 0.37)

.6/24.9 27.0/21.3/11.9 612 (0.63, 0.37)

urrent efficiency and power efficiency in order of the maximum value, at
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Considering the high ET1 and suitable energy levels, the
compounds were rst considered as hosts for blue PhOLEDs,
which are still the most challenging today.27,30,31 Tris[1-(2,6-dii-
sopropylphenyl)-2-phenyl-1H-imidazole]-iridium(III) (fac-
Ir(iprpmi)3) was used as the blue emitter, while mSPh, mSPh2,
mSTPh, and mSTPh2 were used as host materials for Devices
B1–B4, respectively. The device conguration was ITO/HAT-CN
(10 nm)/TAPC (x nm)/TCTA (8 nm)/host : emitter (y wt%, 20
nm)/TmPyPB (z nm)/Liq (2 nm)/Al (120 nm) (Fig. S17, ESI†). For
Devices B1–B4, x ¼ 35, y ¼ 15 and z ¼ 40. Here, 1,4,5,8,9,11-
hexaazatriphenylene hexacarbonitrile (HAT-CN) and 8-
hydroxyquinolinolato-lithium (Liq) respectively serve as hole-
and electron-injecting layers; di[4-(N,N-ditolyl-amino)-phenyl]
cyclohexane (TAPC) and 1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene
(TmPyPB) as hole- and electron-transporting layers, respec-
tively; and tris(4-(9H-carbazol-9-yl)phenyl)amine (TCTA) as an
exciton-conning layer. The device performance is summarized
in Table 2. As shown in Fig. 4, Devices B1–B4 exhibit nearly
identical electroluminescence (EL) spectra peaking at 472 nm,
with low turn-on voltages (Von) of 3.0, 3.2, 2.9 and 3.1 V,
respectively. Of particular interest, Device B3 based on mSTPh
Fig. 4 The energy diagram and performance of the devices. (a) Curren
luminance–external quantum–efficiency (CE–L–EQE) curves, and (c) EL
a current density of 10 mA cm�2.

4892 | Chem. Sci., 2020, 11, 4887–4894
achieves very high performance with a maximum EQE (EQEmax)
of 27.1%, a maximum current efficiency (CEmax) of 60.5 cd A�1

and a maximum power efficiency (PEmax) of 63.5 lm W�1. The
other monosubstituted compound mSPh also displays high
performance with an EQEmax of 22.6%. The efficiencies of C3
and C6 linked symmetric hostsmSPh2 andmSTPh2 appear to be
surprisingly lower than those ofmSTPh. It should be noted that
these devices exhibited nevertheless high efficiencies (ca. EQE
20%), especially considering that they are PHC hosts (B2: CEmax

¼ 45.0 cd A�1, PEmax¼ 38.1 lmW�1, EQEmax¼ 19.6%; B4: CEmax

¼ 50.0 cd A�1, PEmax ¼ 44.8 lm W�1, EQEmax ¼ 20.4%). The
same trend will be followed by the two other phosphors (Table
2), highlighting the strong impact of the substitution pattern on
the device performance.

To interpret the high performance obtained in this series and
particularly withmSTPh, photoluminescent lifetimes of the EMLs
were investigated (Fig. S3, ESI†). The EMLs of 20 wt% fac-
Ir(iprpmi)3 doped into mSPh, mSPh2, mSTPh and mSTPh2 show
lifetimes of 1.18, 1.09, 0.86 and 0.95 ms, respectively. Thus, one
can note that the lifetime of the EML using mSTPh, 0.86 ms, is
considerably reduced compared to others, which might help to
t density–voltage–luminance (J–V–L) curves, (b) current efficiency–
spectra of the blue (Top), green (Middle) and red (Bottom) PhOLEDs at

This journal is © The Royal Society of Chemistry 2020
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reduce the triplet density and the possibility of triplet–triplet
annihilation (TTA).32–36 This feature is an important point in the
very high device performance obtained. Therefore, the very high
performance reached with mSTPh can be assigned to the
combination of high ET1, well balanced mobility and short
deactivation lifetime.

In order to investigate their potential as universal matrices,
these hosts were nally utilized in green (G) and red (R) PhOLEDs.
Two iridium complexes namely, bis[2-(2-pyridinyl-N)phenyl-
C](acetylacetonato)iridium(III) (Ir(ppy)2acac) (G) and bis(2-methyl-
dibenzo[f,h]quinoxaline)(acetylacetonate) iridium(III) (Ir(MDQ)2-
acac) (R), were selected as emitters with similar device structures
(Devices G1–G4: x¼ 40, y¼ 14, z¼ 45; Devices R1–R4: x¼ 45, y¼
12, z¼ 55). As shown in Fig. 4, Devices G1–G4 and R1–R4 provide
EL peaks of 524 and 612 nm respectively, with negligible spectra
shi. All the devices achieve EQEs above 20% and display low Von
(Table 2). Again, the highest performance was obtained with
mSTPh, which achieved an impressive performance both in green
(G3: CEmax ¼ 96.0 cd A�1, PEmax ¼ 101.2 lmW�1, EQEmax ¼ 26%)
and in red PhOLEDs (R3: CEmax ¼ 40.0 cd A�1, PEmax ¼ 40.0 lm
W�1, EQEmax ¼ 27.3%). The high efficiencies in red PhOLEDs of
mSTPhmight be due to the red-shied emission spectrum, which
allows increased overlapping over the absorption of the red
emitter, facilitating the Förster energy transfer between the host
and dopant.37,38 Another reason is that the large LUMO gaps
between host/dopant and small LUMO gaps between TmPyPB/
dopant of the host and dopant indicate that the dopants can act
as direct charge-carrier traps (Fig. S4†). Thus, this additional
electron transport channel would lead to better charge balance in
the EML, considering the host materials are more hole-domi-
nating.9,39,40 According to our research, this is the highest effi-
ciency ever reported for a universal host material used in RGB
OLEDs. As summarized in Table S16 (ESI),† some of the best-
performance universal host materials for RGB OLEDs reported
to date in the literature are designed with heteroatoms and only
a few of them can achieve high EQEs over 20% in all the visible
regions.5,9,14,41–49 The results suggest that PHCs can exceed the best
universal hosts constructed with conventional heteroatom design
principles.

Conclusions

In summary, we proposed PHCs as universal hosts for high-
efficiency RGB PhOLEDs. These hosts mSPh, mSPh2, mSTPh
and mSTPh2 are constructed by the assembly of the most basic
PHC unit, i.e. a benzene ring, in a spiro conguration29,50 and
can be easily synthesized in a short and highly efficient manner.
We show how the electronic and physical properties can be
tuned as a function of the substitution pattern and nature of the
substituents. On incorporating the hosts into RGB PhOLEDs,
nearly all the devices showed EQEs over 20%, which appeared to
be remarkable for devices constructed with PHC materials. In
particular,mSTPh achieved the best results with EQEs of 27.3%,
26.0%, 27.1% for RGB PhOLEDs respectively. To the best of our
knowledge, this performance of RGB PhOLEDs is the highest
reported to date for a universal host (including heteroatom-
based hosts). It also proves that PHCs can act as excellent
This journal is © The Royal Society of Chemistry 2020
universal hosts without deliberately introducing heteroatoms.
Besides, their low cost and simple synthesis are benecial for
large-scale production in the OLED industry. Hopefully, this
concept provides new directions in terms of materials design for
optoelectronics.
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